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Novel liquid crystalline (LC) compositions are suggested and studied as elements of LC-nose. This allows
for optical detection of several volatile organic compounds (VOCs). Ethanol, toluene, pyridine and acetic
acid were detected by means of colorimetric and spectroscopic techniques during their diffusion inside chiral
elements of LC-nose. Selectivity to different VOCs is enhanced by means of components of liquid crystal
matrix with different viscosity, affinities to the solvents, and abilities to form hydrogen bonding.
I. INTRODUCTION
There is a continuous need for creating novel materials
and devices (artificial noses) that can respond to different
kinds of pollutants including volatile organic compounds
(VOCs)1. The VOCs of environmental concern are al-
most all organic solvents (for example, toluene, ethanol,
pyridine, acetic acid, etc.). Most of the current com-
pact and inexpensive gas and VOC sensors are based on
metal oxides that can change their resistance in differ-
ent gases2. However, these sensors have some drawbacks,
making them unsuitable for some applications (low selec-
tivity for different VOCs, a need for a permanent power
supply, etc). Organic solvents producing VOCs are used
in industrial environment, and there are certain limits
on the daily exposure of workers to harmful concentra-
tions of these VOCs (these limits are established by gov-
ernmental agencies)3. The sensors responding to VOCs
should measure a cumulative effect of VOCs’ exposure
in a certain time period. Sometimes, they should also
be installed in locations where the presence of electri-
cal equipment is not desirable. In our view, the passive
sensors based on polymers with different sensitivity to
organic solvents is a way to address and solve this prob-
lem.
Efforts were undertaken in order to create sensitive and
selective sensors based on different types of polymers and
polymer compositions, including crystalline polymers4,
nanoimprinted polymers5, wearable polymer composi-
tions and liquid crystals6,7. Very often environmentally
sensitive polymers are organized in an array with dif-
ferent sensitivities of elements to specific compounds8.
This type of organization provides higher selectivity of
the whole sensor. Increased sensitivity can also be ob-
tained by using photonic band gap materials9. Thus, an
array of photonic band gap materials may provide both
better selectivity and sensitivity to a number of VOCs
and is being tested in this publication.
Photonic band gap materials in a form of chiral liquid
crystals (CLCs) were used for detecting VOCs as a sin-
gle composition material10–14 for detecting amines10, al-
cohols and aldehydes11–13. Chiral liquid crystals can be
imagined as nematic layers making a full rotation over
a period of the helical pitch. They possess a photonic
band gap (selective reflection band, SRB) for circularly
polarized light with the same sense of polarization as
their rotation. If nematic planes are parallel to the sub-
strate the whole structure displays the SRB centered at
a wavelength15 given by a product of average refractive
index and helical pitch:
λ = navp (1)
The general principles of gas detection by CLCs are all
based on recording changes (responses) in the spectral
position of the SRB and were discussed in14,16. In these
studies the composition of LC sensor was not tailored for
detection of wide range of VOCs and the response was
studied for just a few VOCs.
Recently17, a novel approach based on exploring ma-
terials with different viscosities as elements of the sen-
sor was suggested and tested for two VOCs ( cyclohex-
ane and ethanol). In the present publication we suggest
a generalized approach and describe a sensor (multiele-
ment array) with individual elements composed of CLCs
with compositions tailored for detecting specific VOCs
(Fig.1). This sensor displays a selective response to a
number of VOCs of different polarities ranging from the
acetic acid to toluene and essentially constitutes a novel
type of sensor - liquid crystal nose ( LC-nose). Indeed,
each element of the array (droplet of CLC with a compo-
sition outlined in Fig.1 top panel) is characterized by an
individual response rate to a particular VOC, playing a
role of nose’s receptor. The whole array then will display
a characteristic response pattern for any particular VOC.
The pattern is essentially a “fingerprint” of response to
certain VOC.
The approach is based on the following theoretical con-
siderations. The width of the SRB is defined by the fol-
lowing equations defining positions of band edges15
nop ≤ λ ≤ nep (2)
,where no and ne are ordinary and extraordinary refrac-
tive indices along nematic planes. CLCs are perhaps the
most suitable materials for detecting a cumulative effect
of exposure to different types of VOCs. Indeed, the diffu-
sion of VOC molecules inside CLC matrix may result in
changes of order parameter S, refractive indices ne, no
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2A - Cholesteryl chloride
D - Methyladipic acid E - MBBA
B - Cholesteryl oleyl carbonate
C -Wacker oligomer
FIG. 1. The main array component of the proposed LC-nose.
Various compositions are shaped into droplets schematically
indicated by colors. The compositions are comprised of com-
pounds (indicated by letters) whose relative concentrations
are shown in subscripts. The transmission of un-polarized
light through droplets is recorded via CCD camera. The
droplets are further subjected to VOC diffusion and changes
in the transmission reflect changes in the order parameter and
helical pitch of the CLC’s.
and corresponding birefringence δn = ne − no, helical
pitch p and potentially the twisting power of chiral so-
lutes defined as
β =
1
p× c (3)
along with concentration of chiral molecules c producing
a twisted structure.
The change of each parameter (S, c, p and β) alone
will result in optical response: the shift of the stop band
that can be easily detectable by means of spectroscopic
or photographic techniques. However, these parameters
are not independent as indicated , for instance, by Eq.(3).
Order parameter and birefringence are also related via
ne = nav +
2
3
S∆n (4)
no = nav − 1
3
S∆n
, where ∆n is a birefringence in ideally oriented chiral
planes (S = 1).
II. EXPERIMENT SETUP AND DISCUSSION
The magnitude and rate of spectral response to the
action of VOCs also depend on the diffusion rate of
VOC molecules inside the matrix that in turn depends
on the chemical nature of diffusant and viscosity of the
matrix17. Taking these facts into consideration, we sug-
gest an array-based sensor with elements consisting of
multi-component CLCs responding to a particular VOC
by changing predominantly either order parameter S or
helical pitch p. This is achieved by mixing components
of CLCs with different abilities to form specific physi-
cal bonds with the diffusant. Also, different affinities to
the diffusant increase the selectivity of response. The
variable viscosities of some elements of the sensor affect
the diffusion rate of different VOCs, also contributing
to improved selectivity of response. The diffusant pro-
duced by a solvent that can dissolve a particular compo-
nent of CLC will also affect the whole composition more
strongly, if the concentration of that component is higher.
The chemical structures of the components are shown in
Fig.1.
Compounds A and B in this figure are derivatives of chi-
ral cholesterol, and their mixture (23:77 by weight) forms
liquid crystal at room temperature with the selective re-
flection band at 620 nm. Both compounds are dissolved in
toluene and should be sensitive to its vapor. Compound
E is 4-Methoxybenzylidene-4-butylaniline (MBBA) form-
ing a nematic liquid crystal in a pure form. It is also
able to form hydrogen bonds with acids and alcohols
through the nitrogen atom presented in its structure. In a
pure form it is dissolved in more polar solvents including
ethanol and should be sensitive to its vapors. Compound
D is methyladipic acid that exists in chiral and racemic
(compound F) forms. In its chiral form it twists the ne-
matic phase forming left-handed chiral nematic phase.
The presence of two acidic groups suggests that it can
form strong hydrogen bonds with VOCs of acetic acid
and pyridine and weak hydrogen bonds with ethanol.
Such a complex of MAA with these compounds should
have a different (presumably higher) twisting power than
pure chiral MAA and therefore may affect the response
by decreasing untwisting of cholesteric helix. Compound
C is siloxane based oligomer forming chiral glass at room
temperature with the selective reflection band located at
3550 nm. It is dissolved in non-polar solvents, provides
sensitivity to their vapors, and it is also used here to
vary the viscosity of the array elements, making them
less sensitive to VOCs of non-polar solvents. The struc-
ture of the compounds suggests that their mixtures (com-
positions) presented in Fig.1(top panel) may respond to
different VOCs through the aforementioned mechanisms
involving specific inter-molecular interactions. The fol-
lowing four organic VOCs with different polarities and
abilities to form hydrogen bonding were used in experi-
ments: toluene, pyridine, ethanol, acetic acid.
The sensor array comprised of eight elements shown
in the top panel of Fig.1 was placed on a glass sub-
strate with a dark background. The array was placed
in a glassy Petri dish and exposed to a particular VOC
freely evaporating from solution at room temperature
21◦C and reaching saturated concentration inside Petri
dish. VOCs diffused inside the droplets that resulted in
1) changes of droplets helical pitch and color, 2) decrease
of order parameter and isotropisation. The VOCs of four
solvents ethanol, toluene, pyridine and acetic acid were
used and identified by LC-nose in experiments. The care
was taken of creating droplets of approximately the same
mass. The color changes were continuously recorded by
CCD camera during 30 − 40 minutes, followed by the
analysis of color intensities in the red and green chan-
nels for different time intervals. The response function
was then calculated for each element for the areas corre-
sponding to c.a. 20% of the droplet surface near its edge
as the ratio of intensity changes in the red and green
channels. It can be seen that all responses are different
and, therefore, these VOCs can be selectively identified
by this sensor. It is important to note that color changes
(and a shift of the selective reflection band) happen first,
followed by the isotropisation of each droplet. It means
that initially some diffusion of VOC molecules occurs in-
side liquid crystalline phase of the droplet, followed by
isotropisation. The sensor displays the fastest response to
pyridine and toluene VOCs (isotropisation occurs already
after 3-4 minutes of exposure) and the slowest to ethanol
for which isotropisation starts in the thinnest part of the
droplet 1 only after 40 min of exposure (Fig.2 a). The
strongest response is displayed by 1st droplet (compo-
sition A0.73B0.23) to pyridine (Fig. 2 (b)) and by 2nd
droplet to ethanol. Interestingly, the response of com-
position (A0.73B0.23)0.61 E0.49 (with MBBA) to ethanol
is much faster than response of the pure composition
A0.73B0.23, confirming higher “affinity” between MBBA
and ethanol. Composition (A0.73B0.23)0.9 C0.1 with higher
concentration of Wacker oligomer (not dissolved in po-
lar solvents) is almost non-responsive to ethanol and re-
sponds well to toluene.
The character of spectral response also allows identify-
ing the particular VOC. Recording spectral changes (via
Ocean Optics spectrometer) in thin films presenting in-
dividual compositions under the same experimental con-
ditions related to VOC evaporation for the whole sensor
allows detecting VOCs at much lower exposure times and
a)
b)
FIG. 2. Sensor response to different VOCs: a) ethanol and
acetic acid, b) toluene and pyridine. The droplets are enumer-
ated from droplet 1 (composition A0.73B0.23) counterclockwise
as in the top panel of Fig.1
calculating the shift of the selective reflection band and
birefringence; this is illustrated in Fig. 2 (a) for the pair
ethanol + composition A0.73B0.23 and a film thickness of
c.a. 35 µm. The shift of the selective reflection band
is already observed after 5 minutes of exposure and in-
creases after 20 minutes; the width of the selective reflec-
tion band decreases as a function of exposure time. The
refractive indices were measured by means of refractome-
try for composition A0.73B0.23 and turned out to be 1.485
and 1.515 at 21◦ C. Eq.(1) were used to calculate helical
pitch of the system p = 419 nm by dividing a magnitude
of the spectral position of the SRB center by the average
refractive index nav = 1.505. It can be seen that the
width of the selective reflection band determined from
Eq.(2) is smaller than the width found in experiments.
This can be explained in terms of non-planar structure
of CLC films, slight fluctuations of helical pitch, and col-
limation of a light beam used in experiments. Thicker
samples display much wider SRBs since disorientation of
the domains and light scattering contribute significantly
4to SRB widening. This is seen in Fig. 2 b) where spectral
changes for a thicker film (c.a. 160 microns) of composi-
tion A0.73B0.23 in ethanol atmosphere are presented. The
smaller spectral shift of c.a. 25 nm of the whole SRB
towards longer wavelength is seen in the thicker sample
comparing to a shift of about 50 nm in the thinner sam-
ple (Fig. 3 (a)). The similar spectroscopic changes occur
for all other compositions and other VOCs. The spectral
changes are all reversible, taking a shortest time for a pair
composition A0.73B0.23 + ethanol and much longer time
for compositions (A0.73B0.23)x C1−x and toluene. The role
of Wacker compound in increasing viscosity of composi-
tions and decreasing diffusion rate of toluene is seen in
figures 3, 4 where transmission spectra of the two films
with similar thicknesses ( c.a. 180 µm) and increasing
concentration of Wacker oligomer are presented. It can
be seen that complete isotropisation is achieved after 15
min in a film of composition A0.73B0.23 (Fig.3 (a)), it is not
yet achieved in a film of composition (A0.73B0.23)0.9 C0.1 in
which concentration of Wacker oligomer is close to 10%
after 17 min of exposure (Fig. 4 (a)) and it is far from
being achieved in a film of composition (A0.73B0.23)0.8 C0.2
after 25 min (Fig. 4 (b)).
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FIG. 3. Spectral shift and narrowing of the selective re-
flection band under the action of ethanol for composition
A0.73B0.23: a) sample thickness 35 µm b) sample thickness is
about 160 µm. The numbers correspond to the expose time
to ethanol in minutes.
Although the impressive selectivity of this sensor is
demonstrated for the first time, the sensitivity of the sen-
sor is somewhat depressed by non-planar structure of chi-
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FIG. 4. Spectral shift and narrowing of the selec-
tive reflection band under the action of toluene ( sam-
ples thickness is about 180 microns): a) for composition
(A0.73B0.23)0.9 C0.1 ( more viscous than A0.73B0.23), b) for com-
position (A0.73B0.23)0.8 C0.2 (more viscous than composition
(A0.73B0.23)0.9 C0.1. The numbers correspond to the expose
time to toluene in minutes.
ral droplets that increases with increasing the droplet’s
size: it is well known that free cholesteric surface of large
samples exposed to the air tend to adopt homeotropic
orientation. This is seen in Fig.3, where the transmis-
sion spectra show significant widening of the spectrum
of composition A0.73B0.23 due to the disorientation of the
domains and increased light scattering when the thick-
ness of the sample increases by a factor of ten. A similar
spectral widening is observed for other samples. Some
degree of widening can be explained in terms of domains
disorientation. The results of light transmission model-
ing conducted in accordance to Berreman method18 for
composition A0.73B0.23 are the following. The refractive
indices were measured to be no = 1.485 and ne = 1.515,
the birefringence of the sample then is ∆n = 0.03, the
order parameter was assumed to be S = 0.6. The cal-
culations were performed for the samples of thickness 12
helical pitches and 48 helical pitches ( the details of the
calculations are presented in supplementary materials).
Transmission spectra of thin samples can be well approx-
imated by averaging over different orientations of the do-
mains ranging from 0◦ (planar orientation) to 50.3◦ de-
grees. Transmission spectra of thicker samples can be
approximated by averaging over mentioned domain ori-
5entations. Thus, the disorientation inherently presented
in the droplets can be suppressed by decreasing the size
of the droplet that should also increase the overall sensi-
tivity of the method.
III. CONCLUSION
Compositions of liquid crystals, liquid crystalline
oligomers and non-mesogenic compound were designed
and studied as the elements of LC-nose. The array of
eight elements, liquid crystal compositions with varying
viscosities and affinities to four VOCs ( ethanol, acetic
acid, toluene and pyridine ), displayed a selective spec-
tral response (defined as a rate of color change in red and
green channels of CCD sensor) to these VOCs. Decreas-
ing the size of the elements increases the rate of response
and therefore sensitivity of the response. The use of LC
arrays for gas detection opens new opportunities in de-
veloping novel compact and wearable LC sensors.
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6IV. SUPPLEMENTARY INFORMATION.
Let us consider a mosaic cholesteric film consisting of
individual identical domains randomly oriented with re-
spect to the light source. We shall define domain ori-
entation via angle φ as shown in Fig.6. Each domain is
Light source
Detector
FIG. 5. Transmission through an individual domain of mosaic
cholesteric.
surrounded by an isotropic (zero order parameter) media.
In the local coordinate system the domain is described by
the cholesteric LC model for the dielectric tensor within
0 ≤ z ≤ 1:
ˆ =
¯+ 12δ cos (4piz/p) 12δ sin (4piz/p) 01
2δ sin (4piz/p) ¯− 12δ cos (4piz/p) 0
0 0 ¯
 (5)
¯ = (20,xx + 0,yy) /3 = (n
2
e + n
2
o)/2;
δ = S (0,xx − 0,yy) = n2e − n2o
, where ne, no are the extraordinary and ordinary refrac-
tive indices (see main text); S is the order parameter
related to the concentration of the absorbed gas; p is the
cholesteric pitch. The director at the front face z = 0
points in x−direction. Outside of that region the di-
electric constant is ¯, so that the sample becomes fully
transparent in absence of the order parameter.
The EM field in 0 ≤ z ≤ 1 is governed by Berreman
equation:
∂ψ
∂z
=
2pi
λ
Dˆψ (6)
ψ =
 ExiHyEy
−iHx

Dˆ =
 0 1−X
2/zz 0 0
−xx 0 −xy 0
0 0 0 1
−xy 0 X2 − yy 0

, where λ is the wavelength; X = kxλ/2pi = nav sinφ and
φ is the reflection/transmission angle (See Fig.6); nav =√
¯ is the refractive index of the surrounding media.
The formal solution of Eq.(6) is:
ψ (z) = Exp
2pi
λ
z∫
1
Dˆdz
ψ (1+) (7)
Using the trapezoidal approximation for the integral we
obtain the following expression for the propagator Pˆ:
ψ (0−) = Pˆψ (1+) ; (8)
Pˆ ≈ Exp
(pi
λ
Dˆ (0) δz
)
×
N0−1∏
j=1
Exp
(
2pi
λ
Dˆ (jδz) δz
) Exp(pi
λ
Dˆ (1) δz
)
, here δz = 1/ (pN0) andN0 is the finesse of the numerical
approximation.
On the front half space we have
ψ (0−) =
 cos (φ)EipinEipEis
in cos (φ)Eis
+
 cos (φ)Erp−inErpErs
−in cos (φ)Ers
 = (9)
= Jˆ0−
EisErsEip
Erp
 ;
Jˆ0− =
 0 0 cos (φ) cos (φ)0 0 in −in1 1 0 0
in cos (φ) −in cos (φ) 0 0

On the back half-space we have:
ψ (1+) =
 cos (φ)EtpinEtpEts
in cos (φ)Ets
 = Jˆ1+
Ets0Etp
0
 ; (10)
Jˆ1+ =
 0 0 cos (φ) 00 0 in 01 0 0 0
in cos (φ) 0 0 0

Here Ei,Er,Et are the incoming, reflected and transmit-
ted electric field respectively.
Putting Eq.(9), (10) into Eq.(8) we obtain the transfer
matrix Tˆ as: EisErsEip
Erp
 = Tˆ
Ets0Etp
0
 ; (11)
Tˆ = Jˆ−10− PˆJˆ1+
7As a sanity check we get the transfer matrix for the in-
finitely thin sample Pˆ = 1ˆ obtaining:
Tˆ =
1 0 0 00 0 0 00 0 1 0
0 0 0 0

The solution of Eqs.(11) can be written as:(
Etp
Ets
)
=
(
tpp tps
tsp tss
)(
Eip
Eis
)
= (12)
=
(
T33 T31
T13 T11
)−1(
Eip
Eis
)
;(
Erp
Ers
)
=
(
rpp rps
rsp rss
)(
Eip
Eis
)
=
=
(
T43 T41
T23 T21
)(
T33 T31
T13 T11
)−1(
Eip
Eis
)
Here the input fields are:
Eip =
(
1
0
)
; (13)
Eis =
(
0
1
)
We can change the basis to that of left/right polarizations
as: (
Eip
Eis
)
= Cˆi
(
EiL
EiR
)
=
1√
2
(
1 1
i −i
)(
EiL
EiR
)
; (14)(
Erp
Ers
)
= Cˆr
(
ErL
ErR
)
=
1√
2
(
1 1
−i i
)(
ErL
ErR
)
;
In the L/R basis Eq.(12) becomes:(
EtL
EtR
)
=
(
tLL tLR
tRL tRR
)(
EiL
EiR
)
= Cˆ−1i tˆpsCˆi
(
EiL
EiR
)
;
(15)(
ErL
ErR
)
=
(
rLL rLR
rRL rRR
)(
EiL
EiR
)
= Cˆ−1r tˆpsCˆi
(
EiL
EiR
)
applied to
EiL =
1√
2
(
1
−i
)
; (16)
EiR =
1√
2
(
1
i
)
The observable (reflection or transmission) is given by
the square of absolute value of the left hand side of either
Eq.(12) or Eq.(15). For un-polarized light incident on the
domain the transmission/reflection is given by:
T (λ, φ) =
1
2
[
t2pp + t
2
ps + t
2
sp + t
2
ss
]
(17)
R (λ, φ) =
1
2
[
r2pp + r
2
ps + r
2
sp + r
2
ss
]
Regardless of the input field the eigenvalues of Tˆ (λ, φ)
plays a crucial role in determining stop band. Namely if
one pair of those eigenvalues becomes purely imaginary.
Instead of relying on the eigenvalue decomposition it is
possible to use Eqs.(17) for the same purpose. Indeed,
let us first fix the domain orientation at φ = 0 and as-
sume p 1. In the stop band a circular polarization (in
our case L polarized signal since the director rotates R
when it goes from left to right half space) is getting to-
tally reflected. If we assume constant value of S(z), the
reflection occurs at
√
¯− δ/2 ≤ λ/p ≤ √¯+ δ/2 with
the band center given by λc/p =
√
¯. For an arbitrary
domain orientation the stop band center can be obtained
numerically by finding maximum of R in Eq.(17) upon
fixed angle of incidence. Alternatively it can be estimated
from the Bragg condition:
λc
p
=
√
¯ cos (φ) (18)
. For our simulations parameters the above condition
turned out to be precise. For our multi-domain sample
individual stop-bands provide little information and it is
advisable to look at a relative spectral weight of individ-
ual domains. We shall define it as amount of energy re-
flected by the domain normalized by the energy reflected
by the normally oriented domain (φ = 0):
W (φ) =
∫
dλR (λ, φ)∫
dλR (λ, 0)
(19)
For our numerical simulations we focus on Composition
A0.73B0.23 (See Fig.4 of the main text). The experiment
suggests the following bandwidth 430 ≤ λ ≤ 675 nm.
Measured refractive indices are ne = 1.515 and no =
1.515 yielding p = 675/
√
¯ = 450 nm and φmax = 50.3
◦.
Mutual scattering events between domains are neglected.
The results of the simulations are shown in Fig.6 and
Fig.7. They suggest that for wider samples L/p > 40 the
spectral weights of the domains become identical result-
ing in the wide band transmission spectra. Thin films
favour φ = 0 normal domain orientations, with notable
exception of viscous compositions (See Fig.6 main text).
The diffusion of toluene occurs more readily into tilted
domains, thus reducing their order parameter and there-
fore spectral weight (See Fig.5). In viscous compositions
the opposite effect manifests itself.
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FIG. 6. Relative spectral weight for the domain oriented at
φmax = 50.3
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FIG. 7. Simulated transmission spectra for L = 22p individ-
ual domains contributions: 1) φ = 50.34◦ and 2) φ = 0.0◦.
3) is the transmission through uniformly distributed set of
identical domains inclined by −50.32◦ ≤ φ ≤ 50.32◦. Vertical
lines correspond to the Bragg conditions for the band center
in Eq.(18). The same brag condition assures that for uniform
distribution primary contribution to the spectra is due the
normally oriented domains.
